The total phenolic content and antioxidant activities of the acetone extract and derived fractions from the walnut (Juglans regia) pellicle were estimated. The BuOH fraction exhibited the strongest antioxidant activity with the highest phenolic content. A phytochemical investigation of this fraction led to the isolation of three tannins, 2,3-hexahydroxydiphenoylglucose (1), pedunculagin (2) and 2,3,4,6-tetragalloylglucose (3). Pedunculagin showed high content and powerful activity, which implied that this compound plays an important role in the antioxidant activity of the walnut pellicle.
Walnut, the fruits of Juglans regia L. (Juglandaceae), is a highly nutritious food, which has been found to be an excellent source of multiple health-beneficial components, such as polyunsaturated fatty acids, tocopherols, phenolics, hormone and melatonin [1] [2] [3] . The increased consumption of walnuts has been correlated with reduced risk of cardiovascular disease, cancer and diabetes [4, 5] . The walnut kernel, which is officially listed in the Chinese Pharmacopoeia, has long been utilized to treat cough, stomachache and cancer in traditional Chinese medicine. Though rich in unsaturated fatty acids, walnuts are readily preserved from oxidation, which may be attributed to the protective property of the pellicle. Previous studies revealed that a large amount of phenolics possessing significant antioxidant activities exist in the walnut pellicle [6, 7] . In addition, the total phenolic content and antioxidant activity of the walnut pellicle were much higher than the kernel [8] . The antioxidant ingredients in the pellicle probably aid in stabilizing the walnut kernel against decomposition. Therefore, this investigation was conducted to elucidate the protective mechanism of the pellicle and to supply more scientific evidence of antioxidant activity for the further research and development of walnut.
Several studies concluded that walnuts possess higher antioxidant capacity than any other nuts [9] , and this antioxidant capacity is presumably a product of phenolics, especially hydrolysable tannins located mainly in the pellicle [10] . The total phenolic content (TPC) of the fractions from the walnut pellicle followed the order BuOH fraction > EtOAc fraction > crude extract > light petroleum (PE) fraction > water fraction (Table 1) . It revealed that phenolics in the walnut pellicle were more extractable with highly polar solvents [11, 12] . Combined with the previous studies, the major phenolics in the walnut pellicle were assigned to be tannins.
Plant phenolics, particularly phenolic acids, tannins and flavonoids, are known to be potent antioxidants, which could effectively scavenge free radicals, break radical chain reactions and chelate metal ions [13] . Three methods were utilized to evaluate the antioxidant activities of the fractions from the walnut pellicle. 2,2'-Diphenyl-1-picrylhydrazyl (DPPH) has been widely used to estimate the radical scavenging activity of natural antioxidants since it can accommodate a large number of samples in a short period and is sensitive enough to detect active principles at low concentrations. As observed in Table 1 , the BuOH fraction of the walnut pellicle showed the highest radical scavenging activity, followed by the EtOAc fraction, crude extract, PE fraction and water fraction. The IC 50 value of the BuOH fraction (2.09 ± 0.05 μg/mL) was very close to that of the positive control, gallic acid (1.42 ± 0.02 μg/mL).
Tannins function as primary antioxidants and secondary antioxidants, which could chelate metal ions and interfere with one of the reaction steps in the Fenton reaction and thereby retard oxidation [14] . The Fe 2+ chelating activities decreased in the order BuOH fraction > EtOAc fraction > crude extract > water fraction > PE fraction, which were similar to those of the DPPH assay ( Table  1 ). The result revealed that the BuOH fraction from the walnut pellicle could chelate Fe 2+ effectively, which was probably due to the presence of tannins.
The hydroxyl radical has been reported to be the most harmful reactive oxygen species that is responsible for the oxidative injury of biomolecules. It is generated from the Fenton reaction in the presence of transition metals such as Fe 2+ and Cu 2+ [15] . Similarly, the BuOH fraction showed the highest hydroxyl radical scavenging (HRS) activity, followed by the EtOAc fraction, crude extract, PE fraction and water fraction ( Table 1 ). It can be concluded that the extracts showed strong hydroxyl radical scavenging activity probably due to their Fe 2+ chelating capability [16] .
To demonstrate that the extracts' strong antioxidant activity was attributed to the large amount of phenolics, the correlation analysis between total phenolic content and antioxidant activity was carried out. The correlation between IC 50 of DPPH and TPC was very strong (y = 63.8698 -0.2029x, R 2 = 0.8282), and so was that between the IC 50 of HRS and TPC (y = 418.7180 -1.2384x, R 2 = 0.7578). The correlation between the IC 50 of Fe 2+ chelating activity and TPC was also remarkable (y = 77.6002 -0.2538x, R 2 = 0.6945). The results suggested the strong antioxidant activity of walnut pellicle could be attributed to its high phenolic content. To obtain the tannin compounds, which might be the main contributors to the high antioxidant activity of the walnut pellicle, a phytochemical investigation of the BuOH fraction was performed. Three hydrolyzable tannins were isolated and identified as 2,3hexahydroxydiphenoylglucose (1) [17] , pedunculagin (2) [18] , and 2,3,4,6-tetragalloylglucose (3) [19] , by comparison of the MS, 1 H and 13 C NMR spectral data with those reported in the literature (Figure 1 ). Compound 3 was isolated from this species for the first time. The isolated tannins exhibited significant high radical scavenging activity and had a decreasing order 1 (5.10 ± 0.09 μM) > 2 (5.69 ± 0.10 μM) > gallic acid (7.51 ± 0.06 μM) > 3 (11.35 ± 0.14 μM). Compounds 1 and 2 were more effective than gallic acid in terms of DPPH radical-scavenging activity, which was attributed to the galloyl groups present in the structure [20] .
According to the UPLC chromatogram, pedunculagin (2) (6.97 ± 0.09 mg/g sample) is the major compound in walnut pellicle. The quantities of compounds 1 (0.57 ± 0.03 mg/g sample), 3 (0.96 ± 0.03 mg/g sample), and gallic acid (1.05 ± 0.05 mg/g sample) in walnut pellicle were also quantified. The result revealed that pedunculagin (2) may play a vital role in the antioxidant activity of the walnut pellicle, while the other tannins and gallic acid may also contribute to the enhanced activity. Additionally, the stabilizing or protective effect of the pellicle to the walnut kernel may mainly be attributed to the preferential oxidation of these easily oxidizable tannins [6] . 
Experimental

General experimental procedures:
Total phenolic content:
The TPC was determined according to the Folin-Ciocalteau method [21] . Folin-Ciocalteau reagent was prepared according to a previously described method [22] . A total of 15 μL of extract solution was added to 2.25 mL Folin-Ciocalteau reagent, which had been prediluted by a factor of 10 with deionized water. Five min later, 3.0 mL of Na 2 CO 3 (7.5%, w/v) solution was added and the mixture was allowed to stand for 30 min at room temperature. The absorbance was measured at 765 nm. TPC was expressed as mg gallic acid equivalents/g dry extract (mg GAE/g Ex) and calculated according to the calibration curve obtained from a standard solution of gallic acid at various concentrations.
DPPH assay:
The DPPH assay was assessed by using a previously published method [23] . A total of 3.9 mL DPPH (0.075 mM) was mixed with 0.1 mL sample at various concentrations. The mixture was shaken and incubated at 25°C in the dark, and the absorbance of the reaction mixture was measured at 515 nm after 30 min. The DPPH radical scavenging activity was calculated by the following equation: inhibition = (1 -A s /A o ) × 100%; where A o is the absorbance of DPPH without any sample, and A s is the absorbance of a sample with DPPH in it. Inhibition was the scavenging effect, and the 50% absorbance reduction (IC 50 ) was measured from a Antioxidant activity of Walnut Natural Product Communications Vol. 10 (12) 2015 2143
curve relating concentration to the absorbance of a sample. Gallic acid was used as a reference standard.
Fe 2+ chelating activity: The Fe 2+ chelating assay was assessed by using a previously published method [24, 25] . Briefly, samples at various concentrations in CH 3 OH (0.4 mL) were added to a solution of 2 mM FeCl 2 (0.05 mL). The reaction was initiated by the addition of 5 mM ferrozine (0.2 mL), and the total volume was adjusted to 4 mL with CH 3 OH. The mixture was shaken vigorously and left standing at room temperature for 10 min; absorbance of the solution was then measured at 562 nm. The Fe 2+ chelating activity was calculated by the following equation: inhibition = (1 − A s /A o ) × 100%; where A o is the absorbance of the control which contains FeCl 2 and ferrozine, and A s is the absorbance in the presence of the sample or standard. EDTA was used as a reference standard.
HRS assay:
The HRS assay was conducted by a Fenton reaction method [26] . Briefly, the reaction mixture containing 0. 
Tannins determined by UPLC:
Air-dried and powdered pellicle of J. regia (1.0000 g) was extracted 3 times with 80% aqueous acetone at room temperature, for 24 h each time. The resulting crude extract and the authentic samples were prepared as solutions (10.00 mg/mL and 1.00 mg/mL, respectively). All sample solutions were filtered through a 0.45 μm filter before injection into the ACQUITY UPLC system equipped with a QSM (quaternary solvent manager), a UPL PDA (photodiode array) detector, a CHA column thermostat, a SDI sample manager, a reversed phase Symmetry1 C 18 column (T3, 2.1 mm × 100 mm, 1.8 μm; Waters, Milford, USA), and an Empower 3 UPLC workstation (Waters). The optimal mobile phase for the analysis was a gradient elution system consisting of solvent A (H 2 O, 1.0% acetic acid) and solvent B (CH 3 CN). The gradient program was as follows: 0-3 min, 0-5% solvent B; 3-6 min, 5-10% solvent B; 6-10 min, 10%-15% solvent B; 10-20 min, 15%-100% solvent B; 20-21 min, 100%-0 solvent B. The flow rate was 0.5 mL/min, the column temperature was set at 30 °C, and the injection volume was 5 μL. The UV detection wavelength was monitored at 280 nm. The identification of peaks was confirmed by the UV absorptions and retention times of authentic samples. The sample analyte content (C s , mg/g dry sample) was calculated according to the equation C s = (C a × V) / M, where C a is the analyte content (mg/mL) based on the calibration curve, V (mL) is the final volume of sample, and M is the sample weight (g).
Statistical analysis:
The results were determined as the mean ± SD for at least 3 replicates for each sample. Statistical analysis was performed using SPSS. A significant difference was evaluated at a level of p < 0.05.
